Abstract: Rejection of coherent interference requires an array consisting of several identical sub-arrays which operates with spatial smoothing algorithms. For the cases in which such array configuration cannot be obtained, other schemes must be employed to decouple the desired signal and the coherent interference. This paper presents a coherent interference suppression scheme, known as, the complementally transformed minimum variance beamformer, and compare its behavior with the ordinary multiple constrained minimum variance beamformer. It should be noted that both schemes need prior knowledge of the direction of arrival of the interferences. The behavior of both interference suppression schemes are evaluated through computer simulation. The simulation results indicate the advantage of the complementally transformed minimum variance beamformer over the ordinary multiple constrained minimum variance beamformer from the point of view of the degree of coherent interference reduction.
I-Introduction:
Conventional adaptive beamformers achieve high output signal to noise and interference (SINR) as long as the interferers are uncorrelated with the desired signal and the errors in the steering vector (due to pointing or calibration inaccuracy) are small [1, 2] . In the presence of steering vector errors and/or correlated interferers, those baemformers exhibit severe degradation in performance. In some extreme cases, such as with a large pointing error or multipath interference, this degradation approach the case of desired signal cancellation [2, 3] . Trials have been proposed to decrease the effect of desired signal cancellation. For example, to avoid such degradation, the spatial smoothing techniques can be incorporated as a mean of decorrelating the interfering signals before beamforming [3, 4] . This ensures that the beamformer effectively nullify all of the interferers. A major restriction of using spatial smoothing techniques is that they require uniform array or an array consisting of several identical subarrays [5, 6] . A multiple constrained minimum variance (MCMV) beamformer is proposed, which suppressed coherent interferers by inserting "hard nulls" in their hypothesized direction of arrivals (DOAs). However, this approach is generally sensitive to errors in the DOAs estimates [7] . To reduce this problem, high order constrains can be * Egyptian Armed Forces Paper: ASAT-13-CM-42 2/14 incorporated to broaden the effective angular region of operation [6, 7] . Unfortunately, increasing the number of constrains results in poorer SINR performance since the effective degree of freedom for suppressing the uncorrelated interference and noise is reduced. The aforementioned problems prompt the development of complementally transformed minimum variance beamformer (CTMV) beamformer [8] , which does not require hard nulling for coherent interferers via decoupling the desired signal from the other coherent interferers. The paper is organized as follows: Section II introduces the signal model for analyzing the presented schemes. Section III discusses briefly the analytical study for multiple constrained minimum variance (MCMV) beamformer scheme for nullifying the interference DOA estimation of coherent and non-coherent signals. Section IV discusses the proposed CTMV scheme for extraction of signal of interest (SOI) and nullifying the interference coherent and non-coherent ones. Section V presents the simulations and performance evaluation of the two proposed schemes. Finally, the conclusion is provided in section VI. σ . Therefore, the intercepted signal on the th i element of the linear array, of inter separation between its elements d is given by [9] [10] [11] [12] :
II-Signal model
Also, the input data vector for narrowband incident signals may be expressed as [6] :
is the steering vector of the
where, λ is the signal wave length. In a matrix notation, (2) becomes
where ) (φ A is the M X q matrix of the steering vectors 
III-Analytical Study of MCMV Nulling Scheme
This scheme first takes the estimates of the DOAs of the coherent interference signals (from a pre-DOA estimation stage like modified Multiple Signal Classification MUSIC algorithm [9] [10] [11] [12] ), and then adapts the weights, which are connected to the array elements, by minimizing the array output power subject to null constraints in the directions of the coherent interferences. In this way the coherent interference is suppressed by the null constraints, and the incoherent interference is suppressed by minimizing the array output power. Assuming that there are a desired signal coming from the direction 0 φ , and K coherent interferences and G incoherent interferences are present at an M element array, the input vector in (1) can be represented as [13] ρ k is the relative amplitude and phase between the k th coherent interference and the desired signal.
To suppress coherent and incoherent interference, one generate a weight vector, W that minimizes the array output power, defined as
Subject to the generalized constraint
where, R K is the covariance matrix defined as [5, 7] [ ]
the set of constraints f K is a 
The weight vector that achieves (10) can be obtained using various algorithms which give the solution as [5, 7] (
IV-Analytical Study of CTMV Nulling Algorithm
This scheme does not require hard nulls for the coherent interference. To work without hard nulling constraints it is necessary to decouple the desired signal from other coherent interferes in order to avoid mutual cancellation. To achieve this, the CTMV adaptive array processor performs the following steps:
At first, employs a transformation T to remove the desired signal and retain the coherent interference using DOAs estimates. This transformation is constructed so as to minimize the difference between the original and transformed data subject to the aforementioned complement constraints.
The transformed data (which contains only interference and noise) is then sent to a regular minimum variance distortionless response beamformer (MVDR) which computes the weight vector yielding the maximum output SINR [2, 6, 9, 12] , thus the beamformer will perform a mutual cancellation for the coherent interferences solely (because the desired signal is removed before this step). This is in contrast to the regular (MVDR) which work without removing the desired signal at first and so it performs a mutual cancellation between the desired signal and the coherent interference. To decouple the desired signal from the coherent interference signals we use an M M × linear transformation T satisfying that
T is a complementally transformation (CT) matrix.
In order that the beamformer works properly, we must minimize the error between the original signal and the transformed one. This error is given by [8, 12] 
where, . and tr{.} denote the vector norm and the trace operator respectively.
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Incorporation of the linear constraints of (15) in the minimization of (17) 
Thus, the optimum beamforming weight vector is determined via the MVDR criterion acting on the complementally transformed data Tx. Thus this optimum weight vector will be the solution of the following problem [6, 8, 12] :
The optimum weight vector that satisfies the above equation is [6, 8, 12] 
There are two problems here T is not a full rank. Thus, 
V-Simulation Results
Computer simulations were carried out to evaluate the performance of the CTMV and MCMV beamformers. Several case studies and behavior analysis are presented through the simulations. The following subsections show the simulation results in details.
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A) Case Studies of MCMV Beamformer
A simulation program has been carried out based on a linear array of eleven elements with element location, in terms of wavelength, [-7.5 -6.3 -5 -3.47 -1.55 -1.17 0.24 4.33 5 6.5 7.3]. The array is illuminated by the desired signal, a coherent interference, and an incoherent interference with arrival angles [0° -25° 35°] respectively. The three sources are assumed to have equal power which is 10 dB relative to the background white Gaussian noise. 128 snapshots are taken. The Known /estimated DOAs are then applied to the MCMV beamformer in order to remove the interference. The results presented in Fig.1 shows a deep null in the direction of the coherent interference and another smaller null in the direction of the uncorrelated interference. This difference in the nulls levels is because that the nulling of the uncorrelated interference comes from minimizing the output power not from the null constraints applied on the coherent interference directions.
B ) Case Studies of CTMV Beamformer
A computer simulation has been carried to ascertain the performance of the CTMV beamformer. The array employed was a 11-element nonuniform linear array with the following inter element spacing(in terms of wave length)
. All elements were assumed identical and omni directional with a unit gain. The array is illuminated by the desired signal, a coherent interference, and an incoherent interference with arrival angles [0° -25° 35°] respectively. The three sources are assumed to have equal power which is 10 dB relative to the background white Gaussian noise. 128 snapshots are taken. The Known / estimated DOAs are then applied to the CTMV beamformer in order to remove the interference. The results presented in Fig. 2 shows two nulls in the directions of the coherent interference and the uncorrelated interference.
C ) Behavior analysis of MCMV and CTMV beamformers
The performance of the CTMV and MCMV beamformers is evaluated based on the following parameters:
-Input signal to noise ratio (SNR i ).
-Input Signal to interference ratio (SIR i ). -Number of array elements (M).
-Number of snapshots (N). -DOA estimation error. The effect of increasing the desired signal power on the behavior of the MCMV and CTMV beam formers is considered. It is assumed that there are one desired signal and one coherent interference source at the input of the array. This is for SIR i =0dB,M=20, N=512, DOA estimation error=0. Table. 1 shows the effect of SNR i on both the nulling accuracy and the IMF for both MCMV and CTMV beam formers. From the table we find that the MCMV accuracy is constant at 0.6° (optimum value), and as SNR i increases the IMF decreases. This result occurs because that as SIR i =0, so if SNR i increased then input interference to noise ratio (INR i ) would increase which would cause improvement on the performance. This improvement of the performance does not cause better accuracy (table), but makes the null narrower, so we get a narrower null at the same inaccurate angle which will cause worse IMF. Also, the effect of increasing the desired signal power on CTMV behavior is considered. From the table, one find that for (SNR i =-10 to 25) the increasing of SNR i will improve the system performance. This is because that SIR i =0, so increasing SNR i means increasing the power of the interference, which would improve the performance. On the other hand, for (SNR i =-25 to-10) one find that, though decreasing SNR i means decreasing the interference power, the performance improved. This is because that decreasing SNR i means decreasing the power of the desired signal which will make T very close to I and this will improve the performance and substitut the bad effect of decreasing the interference power.
Moreover the simulations for MCMV performance show that, by increasing SNR i the maximum number of cancelled interference increases. That for SNR i =-5 this number was RS=10, and for SNR i =20 this number was RS=11. This is because as SIR i =0dB so increasing SNR i means increasing INR i and the performance will improve. However, the simulations for CTMV performance show that, by increasing SNR i the maximum number of cancelled interference decreases, that for SNR i =-5 this number was RS=3, and for SNR i =20 this number was RS=2. This result occurs because increasing the desired signal power will make T no longer approximates I, which will make the system performance worse. Table 2 and Table 3 explain the effect of changing the level of the input interference signal, or equivalently the SIR i , on the accuraccy of the null and the IMF. It is assumed that there are one desired signal and one coherent interference at the input of the array. This is for M=20, N=512, DOA estimation error=0, while the SNR i =-5dB and 20dB for Table.3 and Table.4 respectively. For MCMV performance, one find that increasing SIR i does not affect the accuracy of the null (because it is already at the optimum value), meanwhile the IMF increases with the increasing of the SIR i in the first case (SNR i =-5dB), while it remains constant in the second case (SNR i =20dB). These results can be explained as follwes: As SIR i increases, so the interference power relatively decreases and the performance will get worse so the null will get wider but the accuracy remain constant. So we get a wider null at the same inaccurate angle which will allow this null to cover the true angle of the interference, and the IMF will get better.
2) The effect of the Input Signal to Interference Ratio (SIRi)
For CTMV performance, we find that as SIR i increases the accuracy and the IMF will get worse. This result occurs because that as SIR i increases the interference power decreases, and the null in the direction of the interference will not be suffecient. and then the performance will get worse.
Moreover the simulations show that, by increasing SIR i the maximum number of cancelled interference using MCMV beamformer decreases, that for SIR i = -5 this number was RS=12, and for SIR i =20 this number was RS=11. However, the maximum number of cancelled Paper: ASAT-13-CM-42 8/14 interference using CTMV beamformer decreases, that for SIR i = -5dB this number was RS=4, and for SIR i =20dB this number was RS=2. Table 4 explains the effect of the number of array elements (M) on the beamformer accuracy and IMF. In this table we suppose that there are one desired signal and one coherent interference signal at the input of the array. This is for SNR i =-5dB, SIR i =0dB, N=512, DOA estimation error=0. The same study is repeated at SNR i= 20dB without changing the other parameters, the results are listed at Table 5 .
3) The effect of number of array elements (M)
From the tables one find that MCMV accuracy is constant at 0.6°, and in the case of SNR i =20, the IMF decreases as M increases. This result occurs because the improvement of the performance, caused by increasing M, does not causes better accuracy but makes the null narrower. However, from the two tables, we find that increasing M improves both accuracy and IMF of CTMV beamformer.
Moreover, the simulations show that, by increasing the number of elements the maximum number of cancelled interference increases, that for MCMV beamformer, for M=3 this number was RS=2, and for M=30 this number was RS=14. Also, for CTMV beamformer, for M=5 this number was RS=1, and for M=30 this number was RS=3. Table 6 explains the effect of the number of snapshots (N) on the beamformer accuracy and IMF. In this table one suppose that there are one desired signal and one coherent interference source at the input of the array. This is for SNR i =-5dB, SIR i =0dB, M=20, DOA estimation error=0.The same study is repeated at SNR i= 20dB without changing the other parameters, the results are explained at Table. 7. From the two tables we find that the MCMV beamformer accuracy is constant at 0.6°, and in the case of SNR i =20 the IMF slightly decreases as N increases. This is because increasing N would cause improvement on the performance. But this improvement of the performance does not cause better accuracy but makes the null narrower, so we get a narrower null at the same inaccurate angle. However, for CTMV beamformer, we find that increasing N improves both accuracy and IMF.
4) The Effect of Number of Snapshots (N)
Moreover, the simulations show that, by increasing the number of snapshots the maximum number of cancelled interference increases, that for MCMV beamformer, for N=8 this number was RS=6, and for N=512 this number was RS=11. Also, for CTMV beamformer, for N=32 this number was RS=1, and for N=512 this number was RS=2. Table 8 explains the effect of DOA estimation errors on the beamformer accuracy and IMF. In this table one suppose that there are one desired signal and one coherent interference signal at the input of the array. This is for SNR i =-5dB, SIR i =0dB, M=20, N=512. In the table, the DOA estimation errors are represented in a vector of two elements, the first element is the DOA estimation error of the desired signal and the second element is the DOA estimation error of the coherent interference signal. The same study is repeated at SNR i= 20dB without changing other parameters. The results are listed at Table. 9. From the tables one find that as the DOA estimation error increases both the MCMV accuracy and the improvement factor will get worse, and it is worth to notice that the DOA estimation error of the interference signal is more effective than the DOA estimation error of the desired signal. However, both the CTMV accuracy and the improvement factor will get worse with the same degree.
5) The Effect of DOA Estimation Errors

6) Wide Band Interference Nulling
In this section one will investigate the case of presence of wideband interference. The estimated DOAs are then applied to the nulling beamformer (MCMV or CTMV) in order to cancel the interference. A computer simulation has been carried out to investigate the capability of MCMV and CTMV beamformers to remove wideband interference. During the simulation we assume that there are three wideband signals impinging a nonuniform array of fifteen elements.
The inter-element spacing is ( in terms of wavelength) given by All elements were assumed identical and omni-directional with a unit gain. The first signal is assumed as the desired one and its arrival angle is 0° , the other two signals are assumed as the interference ones, and their arrival angles are -25° and 35°. The three signals are assumed to have equal power which is 20 dB relative to the background noise. 32 snapshots are taken, and the bandwidth of the signals is assumed as the third of the carrier frequency (B=0.3*fr) [6, 9] . After applying estimated DOAs are applied to the studied nulling beamformers, the results are depicted in Fig.(3) for MCMV beamformer and Fig. 4 for CTMV beamformer. Both figures are plotted at the center frequency of the considered bandwidth. From the figures we notice that both MCMV and CTMV beamformers success in steering nulls in the directions of the interference sources. Another case study is considered. In this case one assume the same assumptions of the previous case except that the desired signal considered a narrow band signal. Fig. 5 for MCMV beamformer and Fig. 6 for CTMV beamformer show that both MCMV and CTMV beamformers success steering nulls in the directions of the interference sources. (Both figures are plotted at the center frequency of the considered bandwidth). Finally it is worth to mention that the system accuracy gets worth at the frequencies located at the edges of the considered bandwidth. So it is proposed to connect a taped delay line with each sensor and perform a spatial temporal processing.
VI-Conclusions
The analytical studies of both the MCMV and the CTMV beamformers have been presented and their behaviors have been evaluated through computer simulations. The simulations results indicate the advantage of the CTMV beamformer over the ordinary MCMV one from the point of view of coherent interference reduction. A comparison between the studied beamformers is summarized as follows:
-Both methods work with uniform and nonuniform arrays.
-Both methods can cancel both uncorrelated and coherent interference.
-Both methods can cancel both narrowband and wideband interference.
-The MCMV beamformer is more accurate than the CTMV beamformer.
-The CTMV beamformer is more robust to the DOA estimation errors than the MCMV beamformer. Table ( 3 
